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SUMMARY 


Studies  on  virulent  and  attenuated  Rickettsia  prowazeki.  Plaque-purified, 
working  seeds  of  Eryf+  E strain  and  the  Fen*'*'  breini  strain  of  prowazeki  were 
quantitatively  characterized  with  respect  to  antibiotic  resistance,  uptake  charac- 
teristics and  intracellular  growth  rate.  This  information,  applied  to  our  standard- 
ized systems,  permitted  us  to  attempt  intracellular  transformation  through  predic- 
table infection  of  host  cells  with  both  organisms  and  selective  intracellular  lysis 
of  the  Ery^^  strain  with  penicillin  with  liberation  of  DNA  into  host  cell  cytoplasm 
in  the  presence  of  intact  Pen'^'^  organisms.  Search  for  transformants,  still  incomp- 
lete, has  not  yet  yielded  dually  resistant  organisms.  Systemic  studies  of  the 
problems  have  led  to  improved  methods  for  detection  of  mutants  and  determination  of 
mutant  frequencies  and  have  opened  the  possibility  of  a practical  method  for' deter- 
mination of  mutation  rates.  A mouse  system  for  measuring  prowazeki  virulence 
has  been  improved  to  a workable  level. 

IR.  prowazeki  has  been  found  to  undergo  limited  multiplication  in  enucleated  host 
cells  and  human  lymphocytes.  An  external  C02  source  appears  to  be  required  for  growth. 

mooseri  was  found  to  have  a Type  2 (^.  r icketts i i type),  spreading  infection  cycle 
in  contrast  to  prowazeki . Fresh,  wild,  low-passage  strains  of  prowazeki  and  of 
IR.  mooseri  have  been  Isolated  directly  in  CE  cell  cultures  from  blood  of  Burundi  typhus 
patients  and  kidneys  of  naturally-infected  rats  from  Ethiopia,  respectively. 


Studies  on  Spotted  Fever  Group  rickettsiae.  Eight  established  procotype  strains 
and  7 field  isolates  (Pakistan,  Thailand,  Czechoslovakia,  Israel)  have  been  plaque 
purified  and  characterized  according  to  several  new  properties.  All  strains,  except 
akar i (incomplete)  possess  a slime  layer  or  capsule,  exhibit  a Type  2 (spreading) 
infection  cycle  in  cell  cultures,  are  inhibited  by  doxycycline  at  0.1  pg/ml  and  form 
intracellular  spheroplasts  in  the  presence  of  penicillin  G (100  pg/ml).  Under  highly 
standardized  conditions,  all  strains,  except  F akari  and  austral i s , form  large 
('vimm)  plaques.  akari  and  austral i s form  somewhat  smaller  plaques.  Stable 
plaque  size  variants  were  not  encountered.  A method  for  preparing  substantial  quan- 
tities of  reasonably  specific  immune  ascitic  fluid  in  mice  holcf^  cons iderable  promise. 
Preliminary  studies  with  mouse  sera  in  the  microagglutination  test  suggest  that  some 
field  isolates  are  related  to  established  strains  (variants  within  a group)  v/hereas 
others  appear  to  be  very  different  and  may  constitute  valid  new  species. 
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RESEARCH  PROGRESS 


A.  Studies  on  Vi rulent  and  Attenuated  Rickettsia  prowazeki . 


1.  Genetics,  genome  and  markers.  Since  the  "state  of  the  art"  of 
quantitative  methodology  for  genetic  studies  with  rickettsiae  is  still  very 
primitive  and  the  inherent  characteristics  of  the  systems  pose  some  problems 
and  limitations,  much  effort  this  past  year  has  been  devoted  to  attempting  to 
adapt  recent  methodological  advances  in  r ickettsiology  to  the  detection  and 
quantitation  of  mutants  and  attempts  to  transfer  DMA  by  transformat  ion , both 
using  antibiotic  resistance  markers  as  convenient  models,  and  the  search  for 
virulence  markers.  Definite  progress  has  been  made,  though  at  a rate  slower 
than  hoped  for  because  of  certain  problems  inherent  in  the  rickettsia-host  cell 
system  (vide  infra) . 


a.  Characteristics  of  antibiotic  resistant  mutant  strains  of  R. 
prowazeki . In  preparation  for  transformation  experiments  and  other  studieT 

f^ide  infra) . large  seeds  of  the  plaque  purified  erythromycin  resistant  (Ery'^'^) 
mutant  of  the  attenuated  E strain  and  of  the  penicillin  resistant  (Pen'"^)  mutant 
of  the  virulent  Breinl  strain  of  prowazeki  were  prepared  by  growing  in  CE  cell 
cultures  to  an  estimated  late  log  phase  of  growth. 

Uptake  and  growth  characteristics  of  the  two  seeds  were  carefully 
determined.  The  quantitative  relationships  previously  established  permitted  (l) 
the  construction  of  simple  graphs  which  would  permit  quick  reading  of  the 
dilution  of  each  seed  required  to  give  any  desired  Z cells  infected  or  average 
number  of  rickettsiae  per  cell  with  CE  cells  in  our  standard  suspended  cell  infec- 
tion system  and  (ii)  estimate  the  Incubation  period,  under  our  standard  conditions, 
required  to  achieve  any  desired  average  number  of  rickettsiae  per  infected  cell, 
given  the  average  number  of  ricketsiae  per  infected  cell  at  time  of  infection. 

These  relationships  proved  practically  reproducible  and  permitted  us  to  conduct 
the  intracellular  transformation  experiments  described  below  with  the  required 
precision  for  the  predictable  introduction  and  manipulation  of  each  strain  in 
dually  infected  cells.  We  believe  that  this  is  a substantial  advance  in  quanti- 
tative methodology  for  rickettsiae  and  fully  justifies  the  tedious  antecedent 
studies  of  basic  rickettsia-host  cell  interactions  which  laid  the  foundations  for 
this. 

Full  scale  plaque  reduction  tests  were  performed  with  penicillin  G 
and  erythromycin  for  both  the  Pen'"'*’  and  the  Ery*^"^  strains.  Table  1 records 
the  results.  The  MIC  for  penicillin  G was  found  to  be  20  pg/ml  for  the  Ery'”'’ 
strain,  similar  to  the  wild  Breinl  strain  from  which  the  Pen'"*’  strain  was 
derived,  and  600  pg/ml  for  the  Pen’’’*’  strain.  The  MIC  for  erythromycin  was  0.03 
pg/ml  for  the  Pen*^^  strain  and  greater  than  100  pg/ml  for  the  Ery*^  strain. 
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Figure  2.  Suspended  cell  dose-response  uptake  kinetics  of  working  seeds  of  the 
Pen'"'*'  Breinl  strain  and  the  Ery''"''  E strain  of  provjazeki . These 
relationships  permit  one  to  select  the  appropriate  dilution  of  seed 
to  obtain  any  desired  N (average  number  of  rickettsiae  per  cell)  with 
each  strain.  Since,  within  limits,  the  two  strains  behave  indepen- 
dently in  mixtures,  it  is  possible  to  infect  host  cells  with  both 
strains  in  desired  proportions.  A similar  graph  was  constructed  in 
which  percent  cells  infected  could  be  pre-selected  under  standard 
conditions. 
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Ficjure  3 


Growth  kinetics  of  Pen^'*'  Breinl  strain  and  Ery*^'"  E strain  of 

prowa^eki  in  ciiecken  embryo  cells.  Growth  of  the  two  strains 
was  indistinguishable.  Knowing  the  average  number  of  each  rickettsia 
per  cell  (See  Fig.  2),  it  is  possible  to  determine  ttie  incubation 
time  necessary  to  achieve  a desired  intracellular  population  o" 
each  strain.  Each  control  of  the  system  is  necessary  to  perfo'tn 
precise  experiments  on  intracellular  transformation. 
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Table  1.  Some  properties  of  antibiotic  resistant  mutants  of  R.  prowazeki . 


IR.  prowzeki 
Pen*^'*'  Breinl 


Ery*^'*'  E Strain 


Minimal  inhibitory  Cone. 

Penicillin  G (pg/ml)  600 

Erythromycin  (pg/ml)  0.03 

Mutant  Frequency  for 
Resistance  to 

Pencil  I in  G (lOO  pg/ml) 

Erythromycin  (l.O  pg/ml)  10 


20 

>100 


<10 


-5.3 


In  order  to  be  able  to  discriminate  between  spontaneous  mutation  and  trans- 
formation in  experiments  described  below,  it  is  essential  to  have  knowledge  of 
the  frequency  of  mutants  resistant  to  the  other  antibiotic  for  each  of  the  resis 
tant  strains.  Neither  strain  showed  a mutant  frequency  greater  than  10”^  - 10”° 
(Table  l),  the  limit  of  the  direct  method  (vide  i nf ra  for  description  of  methods 
and  problems). 


b . Methods  for  detecting  and  quantitating  R.  prowazeki  mutants. 

The  capacity  to  detect  mutants  and  to  quantitate  mutant  frequencies  and  mutation 
rates  is  essential  to  the  study  of  genetic  phenomena  in  rickettsiae.  We  have 
chosen  our  standard  CE  cell  plaque  system  and  antibiotic  resistance  markers  as  a 
convenient  and  useful  model  amenab_(e  to  quantitation  for  exploring  methods  and 

1 i nes 


have  employed  the  parent  Pen^  Ery^”  Dox  and  the  mutant 
of  the  virulent  Breinl  strain  and  the  Pen*^“  Ery 


R+ 


Dox 


R- 


Pen*^'*'  Ery*^” 


Dox 


R- 


mutant  of  the  attenuated 
E strain  of  prowazeki  in  a variety  of  experiments.  We  have  ascertained  that 
there  are  certain  inherent  limits  in  this  system,  detected  certain  as  yet  not 
fully  explained  problems  and  devised  compromise  methods  to  circumvent  some  of  the 
1 imi tat  ions . 


The  confluent  CE  cell  monolayers  in  60  mm  petri  dishes  employed  for 
plaguing  contain  about  10^  cells.  With  ordinary  overlay,  2~3  x 10^  discrete 
plaques  can  be  formed  but  as  the  number  of  PFU  approaches  5 x 10^  to  103,  the 
monolayers  show  confluent  lysis.  When  increasing  numbers  of  PFU  of  a sensitive 
strain  are  introduced  into  plates  with  an  overlay  that  contains  100  pg/ml  peni- 
cillin G,  which  is  several  fold  the  MIC  and  completely  inhibits  rickettsial  growth 
and  is  relatively  non-toxic  for  the  host  cells,  up  to  105  PFU,  enough  to  infect 
IS;  of  the  host  cells,  can  often  be  introduced  into  a plate  without  cell  lysis, 
though  even  under  these  conditions  some  lysis  does  occur  from  time  to  time.  At 
inputs  of  10^  PFU  or  greater,  lysis  of  the  monolayers  occurs  regularly.  If  1.0 
pg/ml  doxycycline  (lO-fold  the  MIC),  which  does  not  lyse  host  cells  alone,  is 
substituted  for  penicillin,  lysis  of  cell  sheets  sometimes  occurs  at  rickettsial 
inputs  of  103  to  10^  PFU  per  plate.  The  reasons  for  this  arc  not  known,  but  it 
is  obvious  that  mutant  frequencies  of  less  than  10“^at  best,  ami  in  some  instances 
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less  than  10~5  cannot  be  detected  and  quantitated  - seriously  limiting  this 
potentially  powerful  tool.  Furthermore,  when  doxycycline  concentrations  only 
2-3  X the  MIC  were  employed,  small  numbers  of  plaques  were  not  detected  with 
large  inputs  as  anticipated,  suggesting  that  there  may  be  some  non-antibiotic 
inhibition  of  plaque  formation. 

More  recent  experiments  with  doxycycline  have  been  somewhat  more 
successful.  Although  lysis  of  cell  sheets  remains  a problem,  some  more  satis- 
factory experiments  have  been  performed  at  high  rickettsial  inputs  and  what 
appear  to  be  faint,  very  small  plaques  have  been  observed  at  a concentration 
of  doxycycline  of  1.0  Pg/ml  (10  times  the  MIC)  v;ith  a frequency  betw-.en  10“^ 
and  10"5.  If,  on  picking,  amplifying  and  characterizing,  these  "plagues" 
are  indeed  caused  by  doxycycline  resistant  prowazeki , the  practical  impli- 
cations are  enormous  because,  as  we  have  previously  reported,  conditions  con- 
ducive to  selection  of  doxycycline  resistant  strains  of  prowazeki  in 
"nature"  exist  in  the  African  scene  (see  Am.  J.  Epidemiol.  98:  262-282,  1973)  — 
a doxycycline  resistant  mutant  frequency  of  10”^  or  10"5  in  a louse  with  I08  + 
organisms  ingesting  doxycycline  - containing  blood!  There  are  reasons,  however, 
to  proceed  with  caution  until  definitive  experiments  have  been  done  to  confo.m  this 
very  preliminary  observation.  The  "plaques"  are  atypical;  even  though  vje  u.vs 
SPAFAS  eggs  for  these  studies,  we  have  previously  encountered  extraneous  'V  1 agues" 
in  this  system  and  have,  from  conventional  eggs,  isolated  a doxycycl ine-resistart , 
non-rickettsial  small  plaque-forming  bacillus  that  stains  with  Gimenez  strain,  etc. 
So,  until  we  can  isolate  these  "plaque-forming"  agents  and  demonstrate  them  to  be 
doxycycl ine-resistant  prowazeki , we  cannot  be  absolutely  certain  that  we  have 
demonstrated  a high  frequency  of  doxycycline  resistant  mutants. 

Using  the  Penicillin  - Erythromycin  systems,  experiments  were  per- 
formed to  determine  if  a small  number  of  resistant  organisms  could  be  detected 
in  the  presence  of  a large  number  of  sensitive  organisms.  Thus,  when  approxi- 
mately 20  PFU  of  the  Pen8+  Ery^"  Dox^"  Breinl  strain  mutants  were  introduced  into 
plaque  dishes  in  a mixture  with  about  105  PFU  of  the  Peni^"  Ery8+  Dox^"  E strain 
mutant  under  an  agarose  overlay  containing  100  pg/ml  penicillin  G,  very  nearly 
the  expected  Pen8+  plaques  were  detected.  When  the  ratios  of  the  strains  were 
reversed  and  1.0  pg/m1  erythromycin  was  included  in  the  overlay,  about  half  the 
expected  number  of  EryR+  plaques  were  detected. 

Thus,  in  the  Pen-Ery  system,  a small  number  of  resistant  PFU  can  be 
detected  in  the  presence  of  up  to  105  sensitive  PFU.  No  explanation,  however, 
is  at  hand  yet  to  explain  why  lysis  occurs  with  an  input  of  about  I06  PFU  when 
this  represents  infection  of  only  10%  of  the  available  CE  cells  with  non-repli- 
cating organisms.  These  studies  do  substantiate  the  view  that  in  the  Pen  and 
Ery  systems,  mutant  frequencies  as  low  as  10"5  can  be  detected.  However,  since 
mutant  frequencies  in  bacteria  are  often  between  10”^  and  10  5,  or  lower,  the 
10“^  limit  is  a severe  restriction. 

One  method  for  possibly  circumventing  the  10  ^ limit  in  non-toxic 
systems  as  Pen  and  higher  limits  as  in  Oox  is  currently  under  investigation. 
Although  it  entails  a substantial  loss  in  quantitative  precision,  its  sensitivity 
may  approach  10“°.  It  involves  introducing  up  to  105  infected  cells  into  a plate 


7 


with  the  usual  10^  uninfected  cells,  allowing  the  rickettsia  to  grow  uninhibited 
to  near  the  end  of  the  first  infection  cycle  when  each  cell  should  have  as  many 
as  10^  organisms,  making  the  total  number  of  organisms  in  the  plate  approach  10° 
in  1q5  discrete  bundles,  and  then  adding  the  antibiotic  or  other  selective  agent. 
Some  preliminary  experiments  suggest  that  this  method  is  feasible  and  will  yield 
discrete  plaques. 


The  delayed  addition  of  antibiotic  described  above  would  no  longer  be 
a method  for  strict  measurement  of  mutant  frequency,  since  any  excess  resistant 
plaques  would  have  had  to  arise  by  mutation  during  rickettsial  growth.  Indeed, 
the  method  may  turn  out  to  be  better  adapted  for  the  measurement  of  mutat ion  rate. 
Thus,  although  the  development  of  methodology  has  been  slow  and  beset  with  limi- 
tations on  sensitivity  and  with  a number  of  technical  problems,  steady  improve- 
ment is  occurring  and  systems  workable  within  certain  limits  are  evolving  so  that 
phenomena  of  both  basic  and  very  practical  importance  can  be  studied  quantitatively. 

c.  Attempts  to  induce  intracellular  transformation.  In  these  studies, 
CE  cells  dually  infected  with  both  the  Pen*^'*'  Ery*^"  E strain  mutant  and  the  Pen^' 

Ery  ^ Breinl  strain  mutant  were  incubated  until  the  rickettsial  populations  had 
ttained  the  desired  levels.  Then  100  pg/m1  penicillin  G was  added  to  induce 
unstable  spheroplast  formation  in  the  Pen^~  EryR+  E strain  mutant  with  liberation 
of  its  DNA  in  the  host  cell  cytoplasm  in  the  presence  of  intact  PenR+  Ery^" 
rickettsiae.  Finally,  erythromycin  (1.0  pg/ml)  was  added  to  allow  only  trans- 
formed PenR+  Eryf^"*"  Breinl  strain  rickettsiae,  if  present,  to  grow.  These  studies 
require  an  extraordinary  amount  of  quantitative  predictability  on  production  of 
dually  infected  cells,  growth  rates  of  the  two  strains,  kinetics  of  spheroplast 
formation  and  disruption  and  capacity  to  detect  dually  resistant  transformed 
mutants.  However,  the  systems  and  basic  information  have  been  worked  out  pre- 
viously (earlier  reports  and  (a)  and  (b)  above)  and  microscopic  examination  of 
parallel  slide  chamber  cultures  subjected  simultaneously  to  the  same  sequence  of 
manipulations  indicated  that  we  can,  and  have  on  several  occasions,  achieved  the 
desired  intracellular  manipulations  of  the  two  strains  in  dually  infected  cells 
with  the  production  of  unstable  spheroplasts  in  cells  also  containing  intact  Pen^'^ 
organisms. 


Two  systems  fiave  been  used  to  carry  out  these  manijjulations  and  to 
search  for  trarisformarits.  Both  systems  begin  with  tlie  production  of  cells 
infected  with  both  strains  iti  tfie  suspended  cell  system. i Ti)c  Z cells  infected 
and  average  number  of  infected  cells  are  determined.  (i)  The  first  system 
consists  of  introducing  the  infected  cells  into  tissue  culture  flasks  under 
fluid  medium,  incubating  them  until  the  desired  intracel luliir  populations  have  been 
attained,  adding  the  penicillin  to  the  fluid  overlay,  inculjating  until  a higli  pro- 
portion of  tfie  resulting  spheroplasts  have  disrupted  and  then  adding  erythromycin. 
Further  incubation  should  allow  dually  resistant  transformants  to  grow.  Then  the 
cells  arc  harvested,  disrupted  and  a "seed”  is  prepared.  This  material  is 
examined  directly  and  after  further  amplification  in  cell  cultures  containing 
botti  penicillin  and  erythromycin  for  dually  resistant  t rans  foriiuuil  s by  platjuing 
under  agarose  overlay  containing  ffonicillin,  erythrrwiycin  or  botli  penicillin  iuid 
erythromycin. 
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^ii)  Ttio  sccoikI  mot  hod  is  carried  out  eritiroly  in  plastic  petri 
dishes.  About  10’  dually  infected  cells  eire  introduced  into  a petri  dish  with 

uninfected  CF  cells  and  a non- inh i h i tory  agarose  overlay  is  added.  After  ^ 
incubation  to  permit  rickettsial  grovnh,  a penicilliti  overlay  is  added,  followed 
by  furtluH  incubation  to  allov-/  spiieroplast  formation  and  disrupt  icm.  Then  ery- 
thromycin is  added  ami  the  plates  arc  incubated  for  plaque-formation.  A plaque 
should  form  at  the  site  of  any  cell  in  which  transformation  v/ith  dual  resistance 
has  taken  place  in  at  least  one  rickettsia.  Plaques  are  counted,  picked,  ampli- 
fied and  tested  for  antibiotic  resistance  characteristics. 

Several  experiments  Save  been  carried  out  in  which  the  desired  intra- 
cellular events  have  taken  place.  We  are  now  in  the  tedious  process  of  examining 
the  rickettsiae  from  these  experiments  for  doubly  resistant  orgatiisms.  To  date 
we  have  not  found  evidence  for  transformation  but  the  exai^ination  of  progeny  is  far 
from  complete. 

d.  Tests  for  virulence.  Ultimately,  v;e  intend  to  examine  the  E 
strain  for  stability  of  its  attenuation  to  determine  the  risk  of  virulent  back- 
mutation,  making  use  of  the  principles  established  ivith  the  antibiotic  models. 

A convcMiient  laboratory  correlate  of  virulence  is  essential  to  sucli  a study. 
Extensive  survey  of  host  cells  has  failed  to  reveal  one  wbicli  shows  the  capacity 
to  discriminate  between  virulent  and  attenuated  _R.  prov^azeki  , except  the  cumber- 
some in  vitro  human  macropbeige  system  previously  described.  Accordingly  v;c  have 
refined  the  previously  known  mouse  system,  which  makes  use  of  differences  between 
the  attenuated  E strain  and  the  virulent  Brcinl  strain  to  induce  antitoxic  immunity 
following  intraperi toneal  inoculation.  Thus,  by  titration  - toxic  back-challenge 
methods,  it  is  possible  to  determine  the  number  of  PFU  of  each  rickettsial  strain 
in  1 toxic  PD/-Q  dose.  The  number  of  virulent  Brei.nl  strain  PFU  in  one  toxic  PD^g 
dose  was  found  to  be  of  the  order  of  10^-^'  whereas,  v/i  tb  the  attenuated  E strain, 
it  was  approximately  105-3.  Thus,  it  requires  approximately  1,000  times  os  many 
PFU  of  the  E strain  as  of  the  Breinl  strain  to  protect  ^OZ  of  the  mice  against  2 
toxic  Eb^O'  difference  is  sufficiently  large  to  serve  as  a useful  correlate 

of  virulence.  Though  sornev/hat  cumbersome,  it  should  allow  us  to  achieve  our  objcc- 
t ives. 


e.  The  genome  of  prowazeki . The  studies  described  above  have  required 

such  a large  proportion  of  the  laboratory  effort  that  very  little  progress  has 
been  made  in  the  past  few  months  on  the  characterization  of  the  prowazeki  genome. 
However,  using  cthidium  bromide  and  the  "DAPI"  reagent,  and  examining  under  the 
fluorescence  microscope  it  has  been  possible  to  slain  an  intracellular  structure 
v/ithin  the  rickettsiae  vdiic.b  resembles  that  described  as  the  nucleoid  by  others  for 
bacteria.  The  size  is  small,  near  the  limits  of  the  optica!  microscope. 

2.  Biology  of_typhits  group  rickettsiae.  Limited  studies  have  conti- 

nued on  the  biology~oT  tlie  typluts  rickettsiae  in  titcir  host  cell  inlfiact  ions.  The 
capacity  of  prov/azeki  to  undergo  limited  multiplication  in  enucleated  CF.  and  I 
cells  suggesTs  tliiTt  the  host  cell  nucleus  need  not  he  continuously  present  for 
intracytoplasmic  growth,  jt.  Pfowi/eki  has  becai  sh.own  to  he  able  to  infect  and  grov» 
in  human  peripheral  lymphocytes  in  cuituic'.  Som.'  evidence  is  accumulating  to 
indicate  that  R.  prev.-zazeki  requires  an  external  soui  ce  of  CO^  ft>r  gri>wlh.  Sin  i>i  i- 
singly,  jt.  moosej-i  has  been  found  to  cxhil>it  a S[  re-uling,  type  ?,  infection  cycle 
similar  to  that  of  the  spotted  fever  group  ficLett-.iae  (see  section  on  SF  group 
r icket  ts iae) . 
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Significantly,  prowazeki  has  been  isolated  from  acute  phase  human 
blood  (Burundi  typhus  patients)  by  plating  directly  onto  CE  monolayers  and  ex- 
amining for  plaques.  Plaques  have  been  picked  and  are  being  established  as  freshly 
isolated  wild  virulent  strains  of  low  passage  level. 

Some  progress  has  been  made  towards  growing  prowazeki  in  high 
density  (10°  cells/ml)  CE  suspended  cell  cultures.  Refinements  are  necessary  to 
develop  the  method  to  a practical  reliable  method  but  the  prospects  seem  reason- 
ably promising  that  this  may  permit  us  to  produce  substantial  quantities  of  cell 
culture-grown  prowazeki  in  any  desired  growth  phase. 

B.  Studies  on  Spotted  Fever  Group  Rickttsiae.  Spotted  fever  group  ricket- 
slal  isolates  from  Pakistan,  Thailand,  Czechoslovakia  and  Israel  were  compared 
with  established  species  in  a systematic  study  employing  new  information  on 
ultrastructure,  growth  cycle,  serology  and  antibiotic  sensi t i vi ty  in  order  (l) 
to  establish  group  characteristics  and  (2)  to  identify  species  characteristics. 

1.  Strains  and  plaque  purification.  Strains  selected  for  detailed 

study  are  listed  in  Table  2,  although  some  studies  were  carried  out  with  addi- 
tional Pakistan  isolates.  The  strains  selected  for  detailed  study  represent 
all  of  the  variants  detected  in  previous  studies.  Because  (l)  of  the 

previous  demonstration  of  large  numbers  of  extraneous  agents  in  most  egg  seeds 
of  SF  group  strains  and  (2)  the  possibility  that  field  isolates,  especially 
from  pools  of  ticks,  might  represent  mixtures  of  SF  rickettsial  strains,  all 
strains  selected  for  detailed  study,  including  the  strains  of  established 
reference  organisms,  were  plaque-purified.  This  consisted  of  3 serial  plaque 
isolations  in  SPAFAS  derived  CE  cell  monolayers  Followed  by  (l)  amplification 
and  seed  production  in  CE  cells  (SPAFAS) , (2)  production  of  L-329  cell  seed  and 
(3)  production  of  yolk  sac  seed  in  SPAFAS  eggs.  All  studies  on  plaque  and 
growth  characteristics,  antibiotic  sensitivity  and  slime  layer  production,  as 
well  as  production  of  antisera,  were  performed  with  the  plaque-purified  strains. 
Because  of  the  enormous  amount  of  time  involved  in  plaque  purification  and  seed 
production,  some  of  the  preliminary  serological  studies  reported  below  employed 
antigens  already  on  hand  which  had  been  prepared  from  yolk  sacs  which  had  been 
inoculated  with  the  conventional  seeds  prior  to  the  time  that  plaque  purified 
seeds  were  available.  Final  studies  will  be  done  exclusively  with  reagents  pre- 
pared from  plaque-purified  seeds. 

2.  Slime  layer  or  capsule  on  SF  group  strains.  Following  initial  demon- 
stration of  a substantial  layer  exterior  to  the  cell  envelope  in  prowazeki 
which  was  removed  by  usual  laboratory  manipulation  but  which  could  be  preserved 

to  varying  degrees  by  gentle  rupture  of  infected  cells  in  rhe  presence  of  specific 
immune  serum,  it  was  demonstrated  that  r ickettsi i had  a similar  slime  layer. 
Accordingly,  all  of  the  SF  strains  selected  for  detailed  study  were  examined  for 
the  presence  of  a similar  structure.  The  results  to  date  are  summarized  in  Tabic  3- 
All  strains  (13)  on  which  satisfactory  observations  have  been  made  show  this  struc- 
ture. Observations  on  3 strains  arc  not  adequate  because  of  technical  problems 
which  can  be  resolved.  However,  there  is  some  question  about  akar i , but  even 
here,  it  is  possible  that  the  stabilizing  antiserum  was  of  insufficient  potency. 
Although  not  complete,  these  studies  show  that  most  SF  strains,  both  prototype 
and  recent  isolates,  elaborate  an  easily  lost  slime  layer  of  antigenic  material 
external  to  the  cell  envelope. 


Tiiblc  2 . Spotted  Fcve.f  Group  Rickettr.i  oe  f.'mplo/trd  in  Cnrreril  Study. 


PI  ejque 

Organism  Strain  purified  Comment 


P.  rickettsii 

Sliei  1 a Smi  th 

+ 

R.  Conor! 

Casablanca 

+ 

Indian  TT 

+ 

R,  5 i b I r i ca 

2hG 

+ 

R.  sibirica 

Hetz 

+ 

R.  australis 

Phillips 

+ 

R.  akari 

Hartford 

+ 

R,  parkeri 

C 

• + 

Pak  3358 

+ 

R.  sibirica  - like  Type  1 

Pak  JC  f.5 

+ 

R.  sibirica  - like  Type  2 

Pak  JC  /|80 

+ 

R.  conori  - like 

Pak  JD  nz 

+ 

putative  new  species 

Tiiai  TT 

+ 

putative  new  species 

Czec  D 

•t 

putative  new  species 

Israel  TT“1 

+ 

putative  new  species 

jggssa; 
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3.  c-hiiriictcrjjit  Fiirly  studios  by  others  with  one  or 

two  SF'  rickettsieo  indic£ited  tiuit  tlu!sc;  SF  (jroiip  orc|unisnis  [>i  ofhiced  Lircjei'  plefjues 
more  rnpiclly  in  CF  cells  then  rickettsi.ic  of  tlie  typhus,  scrul>  typluis  or  Q fc-ver 
groups,  \7ithout  eidcciuate  dociiiiientatic>ii  iind  witliout  tiie  use  of  plat|ue  purified 
materials,  it  has  bc£;n  suggested  that  lliis  may  be  a group  characteristic.  If 
verified,  this  phenomenon  may  ftavc  considerable  practical  application.  Accordingly, 
a systematic  study  of  SF  group  plaque  characteristics  was  performed. 

a.  Selection  of  standard  conditions  for  plaque-formation . 
Using  R.  rickettsii  as  the  sT  group  prototype  jind  primary  CL  cells  (Si’AF/tS'jT  in  60  m:n 
plasti^  petrT  di  she^s  with  fetal  calf  serum  in  half-strength  Dulbecco's  medium 
with  agarose  as  overlay  medium,  32  C incubation  temperature  and  a CO2  - 05Z  air 
atmosphere,  preliminary  studies  v/ere  performed  to  establish  steindard  conditions 
for  comparison  of  strains.  Plaques  were  counted  2^  h after  addition  of  the  neutral 
red  agarose  medium  overlay.  Plaques  could  not  be  identified  prior  to  5 days  after 
inoculation.  (At  about  this  time,  plaques  not  visll*le  by  direct  lighting  could  be 
detected  by  obi  i{|ue-quas i -darkf  i e 1 d- 1 igh t ing . ) Roth  number  iind  size  of  plaques 
increased  rapidly  fro:ii  5 to  / days  after  Inoculation  after  which  the  rate  of  cliange 
rapidly  dt;cline,  tliough  size  continued  *0  increase  soniawhat  through  9-10  days.  The 
standard  time  for  co'nparison  w<is  chosc;ti  as  Todays  iifter  inoculation.  (Plac|ue  size 
was  del c-riii i ned  by  measurc-nient  of  photographs  of  the;  placpies  taken  at  the  desired 
t ime. ) 


b.  Plaque_char<icTeri£t  ics  of  SF  group  strains  under  standard 
condi  t ions . VJhen  the  placpie  size  of  tht:  1^  plaque  purified  strains  was  deterinincd 
under  the  established  standard  conditions,  it  was  found  that  most  strains  produced 
plaques  between  about  1.0  and  1.2  mm  in  diameter.  Large  plaque  size  indeed  appears 
to  be  a characteristic  of  most  SF  group  strains.  Two  strains,  hcn-/cver,  produced 
plaques  wlricli  wore  smaller  than  the  plaques  of  othe;r  SF  group  strains  - viz.,  R. 
akar i and  R.  austral  i s . V/hetr  incubated  longer  tlran  tire  standard  7 days,  the  size 

of  the  plaques  continued  to  increase  and  approached  that  of  the  reference  R. 
rickettsii  v/hose  placpie  size  Wiis  approaching  a plateau  during  tliis  interval  (fable  3)  • 
It  is  possible  that  this  delay  in  placjue  size  may  be  a function  of  a lag  phase 
peculiar  to  the  particular  seeds  employed. 

Thus,  the  majority  of  the  SF  group  strains  do  indeed  produce 
large  pliiques  at  7 days  and  this  approaches  a group  characteristic.  Ilowrrvc-r,  if 
the  smaller  size  of  tlV.  plaques  of  R.  akari  and  R.  austral! s is  confirmed,  this  m.iy 
constitute  a clue  to  both  differences  c>f  [rractical  and  Irasic  bic>logic  sign!  f ic.mcc. 

c.  Search  for  plaque-size  j/jn  ia^s.  Examination  of  dishes 

containing  plaques  of  fliffcu'ent  SF  grc>up  strains  revealed  a raitge  of  plaf|uc  size, 
from  small  to  very  large.  Two  al  tern.rt  ivc  c-xpl -iriat  iems  are  possil>Ii':  (l)  pKu|ue 

size  has  a continuous  riingc;  of  distribution  betw:;c;n  wide  limits  01  (?)  spout. iikous 
plaque  size  vari.ints  exist  in  tin;  sr^eds.  riac|u.'  size  has  proven  to  he;  a very  useful 
m.arkfir,  sometimes  .nssoci.ited  with  major  differences  in  biolc'gical  propel  ties,  among 
viruses.  Hence,  it  was  of  bolFr  {iractical  and  theoretical  iii)|)Oi  t ancc'  to  determine 

if  true  pK'ic|ue  size  variants  coulil  he  identified  aiiicmg  SI  group  t ickcl  I f.lae. 

F’reliminary  an.ilysis,  not  yi't  (omplclt',  of  d.il.i  suggests  tliat 
v/e  have  not  yet  identifie.I  plaque  size  mutants.  First,  Fi  i s t og  r.ains  of  size  dislril'U- 
tioii  n-veal  only  a singli  mode.  Rimodal  distribution  curves  have  not  yet  lun'ii 
idi-ntifitd.  Sc-rondly,  I Fie  d i st  1 iluil  ion  of  plaque  siz('  of  the  prc>geny  ol  < loiu-s  of 
r ic.ket  t siae  from  large-  and  small  pl.uiue' aj'pro.u  h lluit  of  tlu-  pariiil  slr.iin  and  do 
not  yield  f t uit-l>rei-fliiu)  lines  of  sm.1l  I .and  large  plac|ue  vai  i.uils. 


FOOTNOTES  TO  TABLE  3 


Election  microscope  exominaliori  of  ultrolhin  sections  of  organisms  grov/n  in 
CL  cells  and  gently  released  with  immunological  stabilization  of  slime  layer. 

In  CE  cells  at  32  C. 

Infection  cycle  type.  Type  1 - R.  provvazek i - type  of  infection  cycle. 

Type  2 spreading  rickettsi i type  of  infection  cycle. 

For  spotted  fever  group  rickettsiae  and  ]t.  niooser i , g was  calculated  from 
average  no.  rickettsiae  per  cell.  Because  of  abberations  introduced  by 
spreading  type  of  infection,  the  values  arc  probably  significantly  greater 
than  true  division  time. 

Per  cent  plaque  reduction  in  presence  of  O.l  yg/mi  doxycycline. 

Microscopic  evidence  of  spheroplast  formation  at  100  and  500  pg/nil  penicillin 
G at  and  2h  h. 
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Infection  cycle  studies.  In  contrast  to  the  infection  cycle 
described  for  prowazeki  (2bl  in  which  rickettsiae  upon  entering  into  host  cell 
cytoplasm  multiplied  without  significant  escape  until  the  host  cell  became  packed 
with  rickettsiae  and  broke  down,  r icket t s i i was  found  to  begin  to  escape  from 
the  infected  host  cell  very  soon  after  infection,  causing  a rapidly  spreading 
infection  (2c).  prowzeki  thus  exhibited  a unidirectional  passage  through  host 

cell  plasma  membrane,  from  outside  in,  whereas  r icket tsi i exhibited  bi d i rect i ona 1 

passage  - i.c.,  from  outside  in  and  from  inside  out.  It  also  had  the  capacity,  on  ; 

occasion,  to  penetrate  into  the  host  cell  nucleus.  The  infection  cycle  and  type 
of  infection  in  cell  cultures,  thus,  show  marked  differences  between  prowazeki 
and  rickettsi i , which  probably  reflect  differences  in  capacity  to  interact  with 
different  components  in  the  outer  and  inner  surfaces  of  the  host  cell  plasma  mem- 
brane. This  is  probably  of  very  great  basic  significance.  For  convenience,  we 
have  designated  the  infection  cycle  exhibited  by  prowazeki  as  Type  1 and  that  by 
rickettsi i as  Type  2. 

We  examined  the  infection  cycle  of  the  other  members  of  the  SF  ' 

groups  selected  for  detailed  study  to  determine  if  the  Type  2 infection  cycle  is 
a group  characteristic.  This  was  found  to  be  the  case  (see  Table  3).  Thus,  all 
SF  group  rickettsiae  studied  show  the  spreading  type  of  infection.  With  the  early 
escape  of  organisms  from  infected  cells,  calculation  of  accurate  generation  times 
is  impossible.  However,  by  using  average  number  of  rickettsiae  per  cell  instead 
of  per  infected  cell,  an  approximation  representing  an  upper  limit  is  possible  and 
appears  to  be  in  the  range  of  10-12  hours  for  most  of  the  organisms.  This  is  not 
much  different  from  9-10  h measured  for  prowazeki , especially  since  it  errs  on 
the  longside. 

U1 trast ructural  studies  of  infected  cells,  in  progress,  show  that  , 

rickettsi i seems  to  have  an  unique  action  on  intracellular  membrane  structures 
probably  endoplasmic  reticulum,  not  seen  in  cells  similarly  infected  with  IR.  p rowa - I 

zeki . It  is  not  yet  known  if  other  members  of  the  SF  group  cause  similar  changes 
in  endoplasmic  reticulum  of  host  cells. 

Although  Type  2 infection  cycle  seems  to  be  a characteristic  of 
all  SF  group  rickettsiae  studied  to  date.  Type  1 infection  cycle  is  not  a character- 
istic of  the  entire  typhus  group.  Preliminary  studies  with  R.  moose ri  (Wilmington 
strain)  indicates  that  it  exhibits  a Type  2 infection  cycle  XTabl e 3) • Recent, 
wild  isolates  of  prowazeki  and  mooseri  are  being  prepared  to  see  if  Type  1 
is  unique  to  prowazek i . 

5.  Sensitivity  to  antibiotics.  A full-scale  plaque  reduction 
determination  of  the  sensitivity  of  r icketts i i to  doxycycline  revealed  a curve 
similar  to  that  of  prowazeki  v;ith  a similar  MIC  of  <0.1  pg/ml . All  strains 
showed  complete  suppression  of  plaque  formation  at  this  concentration  (Table  3) ■ 

In  previous  studies,  it  was  shown  that  penicillin  G at  concentra 
tion  >20  ug/ml  caused  the  intracellular  formation  of  unstable  spheroplasts  in  IR. 
prowazeki . This  implied  certain  synthetic  processes  in  cell  envelope  formation  and 
has  provided  a means  for  liberating  rickettsial  DNA  within  host  cells  as  well  as 
liberating  DNA  for  electron  microscopy  and  other  studies  on  genome.  Accordingly, 
the  SF  group  strains  were  screened  for  intracellular  spheroplast  formation  in  the 
presence  of  100  and  500  pg/ml  penicillin  G.  All  strains  produced  spheroplasts 
(Table  3). 
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6.  Serological  stiiclics  of  SF  group  strains.  The  t radi  t ioncil 
means  for  separating  SF  group  strains  into  species  has  been  immunological-serolo- 
gical differences  and  differences  in  cross-protection  in  vaccinated  guinea  pigs. 

Until  recently,  the  cumbersome  toxin  neutralization  test  has  been  the  most  Reliable 
serological  test  for  speciation.  More  recently,  microagglutination  and  indirect 
fluroescent  antibody  tests  have  shown  some  promise.  Accordingly,  we  have  begun  to 
re-examine  the  Pakistan,  Thai,  Czechoslovakian  and  Israeli  isolates  by  these  tech- 
niques to  help  gain  additional  information  which  might  permit  us  to  determine  v/hich 
strains  are  (1)  essentially  the  same  as  existing  prototypes,  (2)  similar  to,  but 
significantly  different  from,  prototype  strains  (?  variants  of  prototype  strains) 
or  (3)  sufficiently  different  from  prototype  strains  to  be  candidates  for  new  species. 

Two  of  these  strains,  the  Czechoslovakian  D and  the  Israeli  TT  have  already  been  pro- 
posed as  new  species  by  the  investigators  who  isolated  them  on  the  basis  of  very  limited, 
probably  inadequate,  serological  data. 


Antisera  to  the  different  SF  strains  were  prepared  ini t ial ly  by 
a modification  of  the  method  of  Burgdorfer  ^ aj^.  Thus,  between  5 x 10^  and  10^  PFU 
of  an  L-cel 1 seed  of  plaque-purified  organisms  were  inoculated  intravenously  into 
white  mice  vvhich  were  bled  for  serum  10  days  later.  Because  of  the  small  serum  yields 
from  mice,  recently  we  have  begun  to  prepare  immune  ascitic  fluid  in  mice.  Initially, 
we  tried  to  produce  ascites  by  the  Sarcoma  180-TG  technique  but  found  that  the  require- 
ment of  inoculating  mice  with  rickettsiae  10  days  prior  to  harvesting  ascitic  fluid 
presented  several  serious  problems.  Accordinlgy,  we  produced  ascites  by  i.p.  injec- 
tion of  Fruend's  adjuvant  and  then,  when  ascites  were  nearing  the  desired  level, 
inoculated  the  live  rickettsiae  I.V.  and  tapped  ascitic  fluid  beginning  10  days  after 
infection.  This  produced  from  a few  mice  large  quantities  of  immune  fluid  with  homo- 
logous MA  and  FA  titers  similar  to  those  of  the  serum.  Very  preliminary  studies 
suggest  that  specificity  is  at  least  as  good  as  that  of  mouse  serum.  We  are  now  in 
the  process  of  preparing  good  working  quantities  of  immune  ascitic  fluid  with  all  of 
the  SF  strains  selected  for  intensive  study  (Table  2). 


Preliminary  MA  studies  were  performed  with  immune  meuse  serum, 
some  with  inadequate  homologous  titers,  and  MA  antigens  prepared  from  yolk  sacs  on 
hand  which  had  been  inoculated  with  SF  rickettsiae  that  had  not  yet  been  plaque  puri- 
fied (Table  1») . There  are  admitted  deficiencies  in  these  preliminary  studies.  Thus, 
the  antigens  may  have  contained  substantial  quantitites  of  extraneous  agents  (des- 
cribed in  previous  reports)  and  the  titers  of  some  of  the  sera  were  very  low.  Never- 
theless, the  recognized  prototype  species  (Table  2)  are  reasonably  well  differentiated 
from  one  another,  as  has  been  the  case  with  previous  toxin  neutralization  tests.  Also, 
consistent  with  the  results  of  previous  toxin  neutralization  tests,  Pak  JD-112  and 
Thai  TT  are  clearly  differentiated  from  the  prototype  species  and  other  recent  isolates. 
Thus,  evidence  is  building  up  to  suggest  that  these  two  isolates  represent  two  new 
species  of  the  spotted  fever  group  according  to  serological  criteria. 
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The  others  are  more  complex  (Table  1()  • Only  tentative,  limited 
conclusions  are  possible  at  this  time.  On  the  basis  of  previous  toxin  neutrali- 
zation tests,  Pak  JC-65,  Pak  3358  and  Czec  D strains  were  found  to  be  related  to 
Soviet  strains  of  s i b i r i ca.  However,  while  Pak  3358  appeared  closely  related 

to,  or  identical  with,  Soviet  strains  by  toxin  neut,  Pak  JC  65  and  Czec  D (and 
Czec  B)  strains  were  very  similar  to  each  other  but  exhibited  only  a 1-way  cross 
reaction  with  Soviet  strains  and  Pak  3358.  These  preliminary  MA  tests,  with 
unfortunately  low  titered  sera,  confirm  the  close  relationship  between  Pak  JC  65 
and  Czec  D and  their  difference  from  Soviet  strains  and  Pak  3358.  They  do  not 
confirm  yet  the  close  relationship  between  the  Soviet  strains  and  Pak  3358. 

Similarly,  Indian  TT  and  Pak  JC  ^80  have  been  found  in  previous 
studies  to  be  related  to  conor i but  on  the  basis  of  vaccination-cross  challenge 
studies, El isberg  found  differences  between  prototype^,  conor i and  Indian 

TT,  confirmed  by  the  present  preliminary  MA  tests.  Likewise,  the  Israeli  TT-1  is 
similar  but  different. 

It  is  possible  that  we  are  encountering  strain  variation  in  s ibirica 
and  conori  complexes.  But  it  is  also  possible  that  the  differences  are  great 
enough  to  warrant  separate  designation  as  species,  as  has  been  applied  in  the  SF 
group.  Further  studies  employing  different  techniques  with  reagents  prepared  from 
plaque  purified  strains  will  be  required  to  settle  these  problems.  The  results 
have  (l)  basic  biological,  (2)  epidemiological,  ecological  and  zoogeographical 
and  (3)  practical  preventive  and  diagnostic  implications.  It  is  possible  that 
there  has  been  strain  variation  among  major  complexes  (such  as  the  putative 
conori  and  s ibirica  complexes)  in  different  geographic  regions  where  different 
vertebrate  and  arthropod  hosts  have  exerted  different  selective  conditions.  Answers 
to  this  question  would  shed  much  light  on  the  evolution  of  SF  group  rickettsiae.  More 
important  from  a practical  point  of  view  is  the  influence'of  strain  variations  on 
diagnostic  tests  and  on  the  problem  of  immunoprophylaxis.  If  antigenic  drift  can 
be  established  and  its  impact  on  immunity  can  be  established,  then  we  would  have 
powerful  tools  at  hand  for  predicting  vaccine  requirements  in  different  geographic 
regions. 

Personnel . These  studies  were  made  possible,  not  only  by  personnel 
supported  directly  by  this  contract  (A.D.  Waddell,  M.R.  Jones  and  H.  Toulson),  but 
also  by  University-supported  personnel  (M.L.  Cremer)  and  by  persons  on  WHO  fellow- 
ships (Dr.  Edlinger,  Pasteur  Institute,  Paris)  and  on  sabbatical  leave  (lone)  and 
Irina  Steiman,  Israel  Institute  of  Biological  Research,  Tel  Aviv,  Israel). 
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